Introduction {#S0001}
============

Bone tissue regeneration means substitution of blood clot with connective tissue and finally with new bone formation. The molecular physiology of bone metabolism plays a key role in the understanding of bone disorders \[[@CIT0001]\]. Bone formation can be indirectly assessed by measuring serum agents, for example osteocalcin \[[@CIT0002]\]. Yet the dynamic process in bone tissue structure can be followed either with histomorphometric or radiological analysis \[[@CIT0003]\]. Morphological changes of bone tissue (remodeling) visualized on radiographs can be useful for assessment of surgery results \[[@CIT0004]\]. In oral surgery and periodontology intra-oral plain radiograph is still the least affecting radiological examination for a patient. It is widely used in follow-up studies due to its accessibility and simplicity \[[@CIT0005]--[@CIT0007]\].

In this study the authors would like to present a method of objective radiograph assessment based on computer analysis. The main difficulty encountered in the literature is setting a comparable feature for computer processing. Parameters related to the fractal dimension and co-occurrence run-length matrix have been used in osteoporosis studies, but there is still no single feature useful for oral surgery \[[@CIT0008], [@CIT0009]\]. Most parameters proposed to describe microstructure of bone tissue in radiographic examination require removal of post-processing artifacts \[[@CIT0010]\].

The aim of the study is to present textural entropy as a potential parameter to quantitatively assess the jaw bone healing process using two-dimensional radiographic examination.

Material and methods {#S0002}
====================

Intraoral, standardized, digital radiographs were taken into consideration (clinical images included from the archive of the Department of Maxillofacial Surgery; the radiographs were taken during typical clinical follow-up, Ethical Board permission: RNN/485/11/KB). The Digora Optime system of digital radiography (Soredex, Tuusula, Finland) was applied in this study. Radiographs were taken in a standardized way. We applied a modified RINN system, from which we utilized the ring (with clicks for RINN positioner) and film plate holder (vertical and horizontal). The ring was placed on an X-ray camera tube and a film plate holder was fixed with a connecting bar bent at the right angle. The ring in the camera was joined by an additional adapting ring that was rigidly fixed to the X-ray tube. We applied an enveloped storage phosphor plate to facilitate analog to digital conversion without any chemical film processing. A bite index was prepared using a silicone material (occlusal bite duplicates the shape of the film plate holder and the occlusal surfaces of the teeth). The X-ray detector was placed in the RINN positioner and the bite index with the connection bar and the ring was placed in the patient\'s mouth and fixed to the tube. The same radiological equipment was used: Focus X-ray intraoral unit (Instrumentarium Dental, Tuusula, Finland). Technical parameters of exposure were the same in all included radiographs: 7 mA, 70 mV and 0.1 s. Image size: 476 × 620 pixels. Pixel size was 70 µm × 70 µm. Final radiographs were 8 bits/pixel (min. lum.: 1; max. lum.: 255).

Radiographs with the loss of bone architecture in maxilla or mandible after surgical procedures of apicoectomy were included in the study. Apicoectomy (root end surgery) is a commonly performed dental root tip removal procedure, necessitated when conventional root canal therapy has failed. Radiographs were grouped depending on gender (males and females) and location of the bone defect (maxilla or mandible). Furthermore, every group was divided into subgroups depending on the healing time (i.e. duration of the post-operational period): directly after the procedure (T0), 3 months after the procedure (T1) and 12 months after the surgical procedure (T2). It was assumed that directly after the procedure (T0) bone healing does not take place while after 12 months (T2) the healing process is completed. Group T1 should demonstrate intermediate feature values between groups T0 and T2. For statistical needs the 10 best quality radiographs were included in each group (i.e. the groups were equal). Two researchers qualified the radiographs independently. They were chosen on the basis of visual inspection. Only radiographs of sufficient quality accepted by both inspectors independently were included in the study. Initially, radiograph samples with the most typical bone trabeculation were found for reference group construction (REF), then radiographs of post-apicoectomy bone defects were included (T0) and later images with signs of bone healing (T1) and finally images of the totally healed area (T2). The total number of radiographs included was 120.

The bone defect (or hereinafter also bone regeneration region) visualized in the radiograph was circumscribed within its internal border (ROI DEF). The reference region (ROI REF) was defined, of the same area as the ROI DEF but in a field distant from the defect, where the normal trabecular pattern of bone structure was well visualized. The average region of interest (ROI) size was 2519 pixels. A model series of the analyzed radiographs is shown in [Figure 1](#F0001){ref-type="fig"}. The images were analyzed using MaZda ver. 4.5 computer software developed by Technical University of Lodz programmers \[[@CIT0011]\]. The images were normalized to share the same mean and standard deviation inside ROIs ("µ ± 3σ" MaZda option, where µ and σ denote the mean and standard deviation of registered optical density, respectively). Selection of the feature was done based on the value of Fisher coefficient (*F*) to describe the difference between the ROI in bone defect versus the ROI of reference bone: *F* = *D*/*V*, where *D* denotes between-ROI scatter, *V* denotes within-ROI variance.

The interpretation of the Fisher coefficient is as follows: any value above 1.0 indicates a significant difference between ROI REF and investigated ROI (T0, T1, T2) -- the higher the F value, the bigger the difference between ROIs; any values of 1.0 and less describe the no-difference region in the radiograph \[[@CIT0012]\].

![Series of analyzed radiographs. T0 -- bone defect. T1 -- new bone formation. T2 -- matured bone. Regions of interest were located in areas typical for bone regeneration -- the green region marks the reference bone, the red region marks the bone defect site](AMS-11-20386-g001){#F0001}

The second-order histogram was defined as the co-occurrence matrix *h* ~*dθ*~(*i*,*j*). When divided by the total number of neighboring pixels *R*(*d*,*θ*) in ROI, this matrix becomes the estimate of the joint probability, *p* ~*dθ*~(*i*,*j*), of two pixels, a distance d apart along a given direction *θ*, having particular (co-occurring) values *i* and *j* of optical density. Formally, given the image *f*(*x*,*y*) with a set of 256 discrete grey levels (*N*), the matrix *h* ~*dθ*~(*i*,*j*) is defined such that its (*i*,*j*)~th~ entry is equal to the number of times that:$${f\left( x_{\text{1}},y_{\text{1}} \right) = i\ \text{and}f\left( x_{\text{2}},y_{\text{2}} \right) = j,\text{where}\left( x_{\text{2}},y_{\text{2}} \right) = \left( x_{\text{1}},y_{\text{1}} \right) + \left( d\ \text{cos}\ \theta,d\ \text{sin}\ \theta \right)}.$$

This yields a square matrix of dimension equal to the number of grey levels in the radiograph, for each distance *d* and orientation *θ*. The distances *d* = 5 pixels (equal to the minimum thickness of jaw bone trabeculae in our study) with angles *θ* = 0°, 45°, 90° and 135° (functionality provided by the software) were considered in this study to find more information included in the radiograph. Next, entropy values computed for the 4 directions were averaged to reduce the feature dependence on image rotation. Due to that, the observed entropy in the radiograph presented local texture in a more precise manner.

The following well-known formula was used to describe the entropy of the ROI texture:$$\text{entropy} = - \Sigma_{i = 1}^{N_{255}}\Sigma_{i = 1}^{N_{255}}p\left( i,j \right)\log\left( p\left( i,j \right) \right),$$

where Σ is sum, *N* is the number of levels of optical density in the radiograph, *i* and *j* are optical density of pixels 5-image-point distant one from another, *p* is probability, log is logarithm.

Statistical analysis {#S20003}
--------------------

*T*-test (to compare time-dependent alterations) and ANOVA (to check the influence of location or gender on parameter variability) were applied for statistical analysis, and *p* \< 0.05 was assumed as the significance level. Assessment of standardized skewness and standardized kurtosis was the basis to confirm normal distribution of the data (Stargraphics Centurion XVI, StatPoint Technologies. Inc., Virginia, USA).

Results {#S0004}
=======

Analyzing entropy, ROI DEF versus ROI REF was calculated as the ratio of between-ROI scatter to within-ROI variance. That ratio described a high difference between the ROI DEF and the ROI REF at T0, which decreased later at T1 and T2: 3.4, 1.7, and 1.0, respectively. The value of 1.0 indicates a lack of any differences between the investigated ROIs.

The reference bone was characterized radiographically by the proposed entropy as relatively high-value texture (2.76 ±0.18). Entropy of the bone defect was significantly (*p* \< 0.05) lower at T0 (2.51 ±0.24; *t* = --5.3121; *p* \< 0.00001) than in the reference bone, T1 samples (2.68 ±0.18; *t* = 3.5786; *p* \< 0.001) and T2 (2.73 ±0.18; *t* = 4.5687; *p* \< 0.00001). At T1 it was only lower than in REF (*t* = --2.0675; *p* \< 0.05). In the last investigated period (T2), the bone structure in the operation site was similar to the reference and T1, and entropy was significantly higher than at T0 (*t* = --4.5687; *p* \< 0.05).

The entropy of bone defect radiographs in males and females was equally low, contrary to the reference or the healed bone, where it was of a high value. The mean value of the evaluated parameter was significantly decreased in the bone defect versus the reference bone -- especially in male samples. Then, during the bone healing, the entropy increased toward the reference value (quicker in males). The bone defect during the healing (T1 vs. REF) became more similar to a normal bone ([Table I](#T0001){ref-type="table"}).

###### 

Entropy according to gender and time of healing

              *N*   Average   Median   Standard deviation   Minimum   Maximum   Range   Standard skewness   Standard Kurtosis
  ----------- ----- --------- -------- -------------------- --------- --------- ------- ------------------- -------------------
  T0_F\_DEF   20    2.54      2.59     0.23                 2.02      2.82      0.81    --1.38              --0.16
  T1_F\_DEF   20    2.63      2.63     0.17                 2.3       2.91      0.62    --0.31              --0.48
  T2_F\_DEF   20    2.75      2.77     0.14                 2.42      2.97      0.55    --1.68              0.59
  T0_M\_DEF   20    2.48      2.53     0.26                 2.05      2.88      0.83    --0.55              --1.01
  T1_M\_DEF   20    2.73      2.8      0.18                 2.29      2.94      0.65    --1.69              0.22
  T2_M\_DEF   20    2.7       2.73     0.18                 2.38      3.02      0.64    --0.53              --0.47
  M_REF       20    2.79      2.83     0.2                  2.43      3.05      0.61    --0.61              --1.12
  F_REF       20    2.74      2.75     0.15                 2.43      2.97      0.54    --0.75              --0.35

n -- number of cases, T0 -- immediately after surgery, T1 -- 3 months post-operationally, T2 -- 12 months post-operationally, F -- female, M -- male, DEF -- bone defect, REF -- reference bone.

ANOVA revealed that the jaw bone defect healing had the same pattern regardless of gender (*p* = 0.46 for T0, *p* = 0.1 for T1 and *p* = 0.33 for T2; *p* = 0.4 for REF). Comparison of gender-dependent entropy distribution in bone defect during the process of healing is shown in [Figure 2](#F0002){ref-type="fig"}. The same parameters for the defect location factor revealed that jaw bone healing pattern is independent from the defect location too (*p* = 0.86 for T0, *p* = 0.26 for T1 and *p* = 0.31 for T2; *p* = 0.4 for REF). This means that the jaw bone healing pattern is the same in maxilla and mandible, regardless of the time of healing. Comparison of location-dependent entropy distribution in bone defect during the process of healing is shown in [Figure 3](#F0003){ref-type="fig"}. Summary statistics of texture parameter entropy are shown in [Table II](#T0002){ref-type="table"}.

![Comparison of gender-dependent entropy distribution in bone defect during the process of healing *T0 -- immediately after surgery, T1 -- 3 months post-operationally, T2 -- 12 months post-operationally*.](AMS-11-20386-g002){#F0002}

![Comparison of location dependent entropy distribution in bone defect during the process of healing](AMS-11-20386-g003){#F0003}

###### 

Summary statistics of texture parameter entropy

  Group           *N*   Average   Median   Standard deviation   Minimum   Maximum   Range   Standard skewness                          Standard kurtosis
  --------------- ----- --------- -------- -------------------- --------- --------- ------- ------------------------------------------ ----------------------------------------
  T0_F\_max_DEF   10    2.54      2.61     0.26                 2.02      2.8       0.78    --1.21                                     0.06
  T1_F\_max_DEF   10    2.65      2.66     0.15                 2.47      2.89      0.42    0.16                                       --0.6
  T2_F\_max_DEF   10    2.72      2.75     0.16                 2.42      2.92      0.49    --1.03                                     --0.06
  T0_F\_max_REF   10    2.79      2.81     0.11                 2.55      2.9       0.35    --1.49                                     0.95
  T1_F\_max_REF   10    2.78      2.91     0.18                 2.54      2.93      0.39    --0.68                                     --1.37
  T2_F\_max_REF   10    2.79      2.78     0.12AA               2.54      2.97      0.44    --1.1                                      1.46
  T0_F\_man_DEF   10    2.54      2.57     0.21                 2.16      2.82      0.66    --0.73                                     --0.17
  T1_F\_man_DEF   10    2.62      2.62     0.19                 2.3       2.91      0.62    --0.25                                     --0.35
  T2_F\_man_DEF   10    2.69      2.7      0.21                 2.38      3.02      0.64    --0.01                                     --0.35
  T0_F\_man_REF   10    2.85      2.88     0.13                 2.54      2.96      0.42    --2.37[\*](#TF0001){ref-type="table-fn"}   2.53[\*](#TF0001){ref-type="table-fn"}
  T1_F\_man_REF   10    2.81      2.79     0.1                  2.65      2.98      0.34    0.53                                       --0.15
  T2_F\_man_REF   10    2.69      2.67     0.17                 2.43      2.95      0.52    0.24                                       --0.34
  T0_M\_max_DEF   10    2.49      2.56     0.24                 2.08      2.81      0.72    --0.9                                      --0.38
  T1_M\_max_DEF   10    2.65      2.65     0.19                 2.29      2.94      0.65    --0.49                                     --0.1
  T2_M\_max_DEF   10    2.84      2.91     0.17                 2.55      3.01      0.47    --0.89                                     --0.75
  T0_M\_max_REF   10    2.84      2.91     0.18                 2.46      3.01      0.56    --1.54                                     0.31
  T1_M\_max_REF   10    2.79      2.8      0.14                 2.57      2.98      0.41    --0.56                                     --0.54
  T2_M\_max_REF   10    2.8       2.9      0.2                  2.51      3.0       0.49    --0.88                                     --1.0
  T0_M\_man_DEF   10    2.47      2.49     0.28                 2.05      2.88      0.83    --0.06                                     --0.83
  T1_M\_man_DEF   10    2.81      2.84     0.12                 2.54      2.92      0.38    --1.98                                     1.2
  T2_M\_man_DEF   10    2.86      2.93     0.18                 2.47      3.06      0.59    --1.60                                     0.76
  T0_M\_man_REF   10    2.87      2.93     0.18                 2.41      3.05      0.65    --2.81[\*](#TF0001){ref-type="table-fn"}   3.59[\*](#TF0001){ref-type="table-fn"}
  T1_M\_man_REF   10    2.96      2.99     0.07                 2.83      3.01      0.18    --1.52                                     --0.06
  T2_M\_man_REF   10    2.88      2.93     0.18                 2.48      3.05      0.56    --1.94                                     1.03

Lack of normal distribution. Max -- maxilla, man -- mandible, DEF -- bone defect, REF -- reference bone.

Discussion {#S0005}
==========

Morphological X-ray assessment plays a key role in describing pathology and regeneration of hard tissue. This paper focuses on characterization of the bone healing process combined with its structural analysis. It is a quantitative method based on objective computer analysis of low-dose intra-oral radiographs which requires definition of comparable parameters. In our research, based on a statistical method (value of Fisher coefficient, *F*), textural entropy was selected and it turned out to be a satisfactory feature for the radiograph analysis. The proposed texture evaluation parameter increases in the radiographic region of interest, which indicates that during the healing process the bone becomes more and more complex in its structure.

Entropy is a measure of structure disarrangement. We assumed that it attains minimal values in a bone loss region which is structurally homogeneous. In the course of the bone healing process, when heterogeneity in optical density (complicated new bone elements) appears, the entropy value should increase, achieving a maximum level in a healthy or a totally regenerated trabecular bone tissue. In our study we found that the mean value of the evaluated parameter is significantly decreased in the bone defect region as compared to the reference bone. In the course of the healing process, it increases to reach the reference value, regardless of the gender and location. Furthermore, the pattern of the parameter change was similar in every analyzed group: in males and females, and in both locations -- the maxilla and the mandible ([Table II](#T0002){ref-type="table"}). This evidences that entropy may be useful as a universal bone regeneration assessment feature.

The common radiological method of bone assessment presented in the literature is dual-energy X-ray absorptiometry (DXA). It allows one to assess bone mineral density (BMD), but without distinguishing the bone structure. For this reason, it is only exceptionally used in maxillofacial surgery. Ranjanomennahary *et al*. compared bone mineral density with two-dimensional textural features extracted from digital radiographs to three-dimensional microarchitecture of trabecular bone \[[@CIT0013]\]. They confirmed that the use of co-occurrence matrix derived parameters enables one to extract precise information about three-dimensional structure from two-dimensional radiographs.

Widespread two-dimensional X-ray radiographs are sufficient for three-dimensional bone architecture assessment \[[@CIT0014], [@CIT0015]\]. This relevance is revealed in a large variety of texture analyses \[[@CIT0016]\]. In a mathematical model of bone texture parameter analysis neither radiograph exposure conditions nor the size of the tagged region of interest should be taken into consideration, assuming that in the analyzed region (ROI) no tissues other than the bone appear \[[@CIT0017], [@CIT0018]\]. Computer assisted analysis demands setting of comparable features and methods. There is still no single universal method for bone structure assessment. Saparin *et al*. developed a nondestructive and noninvasive method for numeric characterization of the structural composition of human bone tissue \[[@CIT0019]\]. Strong correlations were established between the measures of complexity and histomorphometric parameters. Carballido-Gamio *et al*. used fuzzy logic to assess trabecular bone quality with high-resolution magnetic resonance imaging (HR-MRI) \[[@CIT0020]\]. Measures of fuzziness showed consistent correlations with trabecular number parameters, suggesting that the level of fuzziness could be related to the trabecular bone structure. Thus, it seems suitable to look for the entropy of the texture as a proper parameter for bone structure assessment. Rocha *et al*. evaluated new bone matrix formation by image texture analysis determining entropy and the fractal dimension of digital images \[[@CIT0021]\]. They assessed bone regeneration in relation to the healing time and in comparison to images captured from the neighboring original bone structure. According to the authors, the presence of lamellar bone and formation of osteons gives an account of the stage of progression of bone remodeling and could be evaluated using the entropy of information and the fractal dimension of the new-formed bone. This method is similar to the one used in our study.

In conclusion, on the basis of computer assisted radiological research, textural entropy proved to be a potential parameter to assess regeneration of bone tissue. The calculated parameter in the investigated material revealed a gradual decrease of simplicity of the texture inside the bone defect in time, up to the most complex structure one year post-operationally, reaching the reference bone level. Moreover, entropy relevance to the bone structure and the study methodology could be easily applied in other radiological examination methods, i.e. computed tomography and cone-beam computed tomography, due to similarity of source data.
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